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We report on the circuit modeling and analysis of a planar rectangular anode Schottky barrier diode “T-
anoc]e”  to predict multiplier performance using these devices and to optin]i7e  their design. A rectangular anode
Schottky barrier diode model, including sat urat ion effect, has been developed and implemented in I Iewlct  t Packard’s
Microwave l)esign System (MIX). This model, based on the. cliodc  geometry and semiconductor wafer structure, is
used to optimize physical parameters such as the doping, epilaycr thickness and anode size and shape in order to
obtain maximum conversion efficiency. ]>ifferent  multiplier configurations (single and multiple diode doubler and
quadruplcr)  to 640 GHz arc. analyzed and compared.

lntroclucti.~t!

In pmparat  ion for the instrument announcement of opportunist y for the Far Infrared and Submil ]imeter Space
Telescope, m liSA/NASA  space astrophysics observatory mission, local oscillator sources at high frequencies (1200
G117,)  are being developed. As part of a multiplier chain beginning at -100 G}Iz, we are developing single and
multiple-dioctc wavcguidc circuits up to 640 G}lz,  llesc multipliers are expected to have high efficiency and broad
fixed-tuned bandwidth. Because of its proven performance. in this frequency range, the Schottky barrier diode is the
nonlinear clement of choice for these multipliers. This paper considers the analysis and computed performance of new
planar T-anode Schottky barrier diodes for use in multipliers from 200 to 1200 GH7,. The planar circuit technology we
arc developing allows the incorporation of several diodes on the. same chip to increase the power handling, and/or to
gang several multiplier stages together in a single waveguide mount. Optimum diode characteristics for given input
frequency, power level and multiplier configuration are deduced.

The T-anode integrated planar Schottky barrier diode was developed at JPI. for oscillator [1] and later for
mixer [2],[3] applications. Recently we have begun employing these diocles in multiplier circuits. More than 8.5 mW
and 1590  efficiency have been obtained in a doubler to 270 Cl] Iz using these dcvices[4].  The excellent performance of
the T-anode devices is attributed to the very low parasitic capacitance [5], as well as to their lower-than-average series
resistance compared to traditional planar varactors.  In order to take full  advantage of these characteristics for
multiplication up to 640 GHz, we have optimized, through computer simulations, both the anode geometry and device
physical characteristics (doping, epilayer thickness, etc...) for different input power level  and operating frequency.

With classical circular anodes contacted by an air bridge type finger, the parasitic bccomc very important as
the anode diameter is reduced (necessary for increased frequency operation), since the bridge width becomes larger
than the diode diameter. The resulting overlap introduces a large parasitic capacitance bctwccn the finger tip and the
active epi]ayer  region surrounding the anode. Using the chw-ac.teristic  T-shaped cross section found on transistor gate
circuits for the finger reduces these parasitic without increasing resistance in the bridge. The T gate geometry is
shown Fig. 1. Measurement of the capacitance for two diodes of the same area, one with a circular anode and one with
a rectangular T-anode, show substantially lower parasitic capacitance for the T-anode. structure. A measurement of a
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typical anti-parallel-pair circular-anode Schottky diode with 1.5 pn~2 area yields 15 fki of total capacitance of which 6
. fli is contained in the junction and 9fF represents parasitic capacitance. For an anoclc  of the same area but with the T

cross section, wc measure a total capacitance of 9fF, of which 6 fF is in the junction and only 3 fF is parasitic. With
this in lnind  we. have proceeded to develop a numerical model for the rectangular T-anode structure.

l’hc optimization are based on numerical analysis using lIewlctt Packard’s MDS, Momentutn and III?3S
programs [6]. An improved Schottky  barrier diode model, including saturation effect [7], appropriate for the T-anode
geometry, has been inq)lcmentcd  in MlIS. This model is based on the diode geometry and ecp]ivalent  circuit shown in
1+’i.g.  1, and the non-linear diode model developed for the SPICli  program [8]. The electrical parameters of the diode
arc dcscribcd as a function of the epilaycr  doping Nd, the epilaycr  thickness t~pi, and the anode dimensions 1. and W.
lJsing the geometry shown in Fig. 1 and the approach described in [9-12], wc can calculate the required diode
electrical parameters.

R, as shown in Fig. 1, is the sum of the undc.pleted  active layer (N-) resistance, the spreading resistance I&
ancl the buried layer resistance R~l in the N+ layer, and the ohmic contact resistance RN.
to calculate these resistances and integrating, we obtain:

lJsing  one sc.ction  of the anode

tepi –t,
Re=Pepix  Wx],-.. .- —-— R,l,, = p,,, x T2:-1

.

D dPcont ‘Pbl /tbl
Rh, =  Pbl x ~;l–x~ R ~ =  ‘“ ‘-  ~–x~--–””–

. td .

whe.rc  tel,i is the epilayer thickness, t, is the thickness of the depleted region, and is a function of voltage across the
junction, P,,)i = 1 / Nd X q X }1 is the resistivity  of the epilayer,  t~l is the thickness of the. buried layer, p~l is the

msistivity  of the buried layer, pCOr,[ is the resistivity  of the ohmic contact, and pSP, is a weighted function of Pci)i and f)bl.
};inally

R, =RC +R,P, +-Rb, +Rw

This result leads to a second advantage of the rectangular T-anode Schottky  barrier; reduced series  resistance
duo to the rectangular rather than circular contact. For constant area, the calculated series resistance of a junction
dccrcases when L increases and W decreases. This is shown Fig.2 for a 10 ~tm2 anode. For comparison, R, of a
circular diode, with the same area is approximately 10 Ohn~s.

Using a classical approach to describe the non linear conductance and capacitance of the diode [8], we can
complete the set of equations that are used in Ml X3. Once the parameters for the buried layer and the ohmic contact
are set, this set of equations has four free parameters: the cpilayer  doping Nd, its thickness tcpi> and the diode
climcnsions  L and W. tCt~ is usually taken to be equal to t.m,, the maximum value of the depletion layer before
breakdown. In which case QPi can be defined by Nd using (he depletion approximation:

[----

2x Ex(+ti-vbr )t ,Pi = t“,,, = ‘——–——-
qxN~

where, Vb, is the breakdown voltage, itself a function of Nd. q’hc final model is then detcrmirmd by Nd, L and W only.

An important consideration for varactor  diode modc]s  is the current saturation effect. ‘l’he limitation on
varactor multiplier performance due to these effects has been shown by several authors. Kolbcrg et al. have shown
that saturation is duc to carrier velocity limitation in the epilayer  and have proposed an empirical moclc] for this effect
[7]. Wc have used their analysis, to limit our junction current by the. value of the saturation current in our diode
model :
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where V,,nm. is the maximum electron velocity in the cpilayer,  and is equal to 2,2x105 nl/s  in CiaAs [7].

The model does not include inertia inductance. or clisplaccme.nt  capacitance [9] (in order to reduce computing
time) since they are second order.  Parasitic duc to the ,gcomctric.  structure of the planar ‘1”-anode such as pad-pad and
finger-pwl capaci[ancc,  air bridge inductance etc. could not be modeled accurately with lumped elements, instead we
used the lIigh Frequency Structure Simulator (H1;SS)  to compute the S parameters of a typical planar structure and
have implemented it with our diode model in MI)S. This comp]e.tes  our ML)S electrical device. model.

Measured DC characteristics of actual  devices show good agreement with those generated by the diode model,
l;ig.  3 shows a comparison of measured and modeled C(V). ‘1’hc moclcled  C(V) includes pad-pad and finger-pad
capacitance, which shows that the parasitic duc to the anode contact are around 3 fF at O bias. R, mcasuretncnts  for
some l’-anocles  is as low as 6.1 Ohms for a 1.3x 10 pm2 anoclc  (Nd= 1 x 1023 n]”3, tC{~i=.44 pm), for which our model
predicts 635 Ohms.

]li~dc Opt inli7,itio~

The diode model described above has been implemented in M DS in a multiplier circuit with ideal fi Itcrs and
matching impedances at each harmonic. l’his general multiplier model in MDS allows us to optimize any diode, or
association of diodes, for any multiplication order. The. free. parammrs are 1,, W, and Nd for the diode and the
different embedding impedances and bias voltage for the circuit, at a given input power and frequency. Nd is the most
important paramctex since its vahle is going to detemnine  the limitation of the diode as a multiplier. A high value of Nd

will decrease current saturation, but will reduce the breakdown voltage, thus reducing the voltage swing capability and
the power handling capability of the diode. on the other hand, a low doping provides a high breakdown for high
voltage swing, but increases the current saturation effect. It is obvious that a trade.-off must bc made. I;ig.  4 shows
optimum efficiency for a cloubler  to 320 GH7, and a single diode quadruplcr  to 640 CiIlz. The optimum value for Nd is
apparent. A similar trade-off has to bc made bctwccn R, and [!jo,  therefore on the anode area 1,xW. To kc.sp the length
and width realizable, we limited W to a minimum value of 1 j!m and 1, lo a maximum value of 10 pm for these
simulations. }lcnce, a 20 LLm2 diode would be 2x 10 pn~2, and not 1 x20 or .5x40, which would give better simu]atcd
performance duc to the lower series resistance, but would bc very difficult to fabricate.

With the aid of our MDS model the optimum device and circuit parameters for a wide variety of muhiplicr
configurations can bc found. Claris such as those in }jig. 5 can bc readily generated. Input power and frequency can
bc swept and physical device characteristics generated as shown. This simulation also gives the maximum output
power one can expect for a given input power and frecluency.  Such charts can bc computed for higher order
multipliers, or for multipliers using nmltiple diode configurations (such as a balanced doub]cr,  triple.r  with anti-series
diodes, etc.. .).

Since our primary goal was to design a multiplier to 640 GIIz, it was important tc~ determine which
configuration would provide the best performance. within the fabrication constraints. Referring to Pig. 6, one can
compare the performance of different multiplier configurations to 640 (31 Iz at a specific input frequency and power.
I/or cxamp]e,  one cluestion  commonly asked is whether to use higher order multiplication from a single device or
chained multiplier stages. We compared the performance of an optimized quad ruplcr to 640 GHz, with two
individually optimized  and then cascaded doublers, and with a single two-stage doubler (two doublers on the same
semiconductor chip, with the same e.pilayer  and doping for all devices). The comparison was pcrformc.d  with 15mW
input power at 160 G}]?,. We also compared the performance of circuits with one ancl two diodes  in series, using
realistic circuit limitations. in this comparison, the anode g,comctry,  as well as the cpilaycr doping and thickness ancl
the circuit embedding impedances (Iimitcd to a realis{ic  range) have been optimiz,ccl.  The simulations show the benefit
of multip]c device configurations, since two diodes in series distribute the. voltage swing, and allow a higher doping to
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rcd[~cc  saturation effect. Fig. 6 illustrates the trade-offs between performance and complexity to obtain optimum
pert’ormance at 640 GIIz.

As a first step towards realizing a 640 G}lz source. we have chosen to develop a quadruplm to 640 GIIz with 1
diode, as well as two doublers, one to 320 Gl]z, ttm second to 640 Ci}Iz using the first as input. To reduce cost and
fabrication time, they are all fabricated on the same wafer, w}~ich has a doping of 3X 1023 ni3, and is therefore not
optimum for each individual multiplier (but will be for a two cicvice quadrupier).  With the doping fixed, we have
optimized diode dimensions for best pc.rformance.  I’hc computed results fcm 15 n]W input at 160 (IHz are: 1.8 mW for
the chained doublers (12.5% overall efficiency), and 0.7 mW (4Yo)  for the quadruple. The all-planar circuits have
been designed [13], and will be measured soon. A design for a quadruple with two diodes in series (POU[=2.7  mW,
e. fficie.ncy=  18~0) is in preparation.

flmclusion

A versatile circuit model has been developed for the T-anode Schottky varactor  ciiodc  and implemented in HP
MIX. “l’his model allows detailed predictions of multip]icr  performance at any subnli]]imeter  wavelength and can be
used to optimize both device and circuit characteristics. As an example, the model has been used to compare the
performance of single and multiple diode doublers and quadruplcrs for 640 G}lz. It remains to be. seen how accurate
these performance predictions are. Fabrication of the optimized circuits is now ongoing and will bc the subject of a
Iatcr  paper.
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liigure 1- Gccmctry of the l-anode Schottky diode, used to dcscrihc  the voltage dcpcndcnt conclrrctancc and capacitance, as WC]] as
pamsitics and saturation. a) cross section of the l’-anodc, b) top view of the rectangular q’-anode junction, c) SIiM picture of a T-
anodc diode.
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IOgurc  4- Predicted Chr[put  power for a doubler to 320 GH7,, and a quadrup]cr  to 640
GHz, as a function Of cpilaycv doping. For each point, clnbcdcling  impedances, bias
and anode climcnsicsns  arc optimizcrt._.— —..___—— .—. _ .—. ._.. _. -—.
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‘igrrrc 5- Optimum doping Nd (102~ m-~), anoclc si7c LxW (VIII),  and expected effickncy  for cloublcrs,  as a function of
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input frequency (100 to 600 GH~,), and powc.r  (3 nlW to 33 mW).  All rcs~ilts arc for o~timrrm  cmbcddin~  imrwclanccx. ~’hc
anode din]cnsions  (I, and W) arc limited bctwccn 1 and 10 pm.

rnlultiplicr  t y p e

—.
‘two 1 diode ch~inrd
doublers, ssme
doping

two l.diode  chained
doubhxs, two dopings

—..
two 2-diode chained
doohlrrs, same
doping

Qrsadruplcr  with 2
diodes in series

Quadruplcr with 3
diodes in series

.——
Anode limitations:

lJnlax=l  Oun]

Wntin=lunl.———.  _
Poul=l  .9 m w elT=12.S70
AI:. 1O*1 Ndl=3.3
A2:.3*1

—— __
Pout= 2,3 nlw etT=l S,3Y0  —

A1::1O*I.2 NCII=1,6
A?:3.5* 1 Nd2=3.7

.—— —— —____
Pout= 3,9 fllw eff=2670
,41,8*] Ndl=3.5
A?=2,5*1

——— ——-. ———  —__
Pout=  2.7 IIIW eN=1870
A1=7.5*1 Nd1=3

—— .—
POUI=4.  1 fllw W=2770
A1,6.5*1 Ndl=3,4

L . . — . .

l;igorc 6- Comparison of performance for different multiplier configuratiorls  to 640 (3}17  M (h 15 mW input power. Ijach
configuration is shown with different ciiodc climcnsion  limitations. Shown arc ~hc oj~timimd  Pcrforlnance,  doping and anode
climcnsions. A 1, A2 arc diode areas (I,xW  in microns), Nd 1, Nd2 arc cpilaycr clopings xl 023 /n$.
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